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Beckmann's theory of scattering from rough surfaces is applied to obtain, from the experimental veiling glare func-
tions, a diffuser that when placed at the pupil plane would produce the same scattering halo as the ocular media.
This equivalent diffuser is introduced in a schematic eye model, and its influence on the point-spread function and
the modulation-transfer function of the eye is analyzed.
INTRODUCTION
The important influence of the intraocular scattering in vision
has been stated in many studies.'- 6 That influence is espe-
cially considerable when there is a glare source in the visual
field, since the scattering halo of the glare source can mask
other objects. The effect of the intraocular scattering is also
important in ocular laser surgery, and it is necessary to take
it into account in dosimetry computations.
Most authors give the results of their intraocular scattering
measurements as a veiling glare function, which is usually
presented in the empirical form
E
Leq =A (1)(0 + 0o)-
where Leq is the equivalent veiling luminance in candelas per
square meter; E the illuminance in the pupil plane produced
by the glare source (in lux); 0 is the angle of the glare source
from the line of sight (in degrees); and A, 00, and n are em-
pirical parameters. The retinal illuminance Er is related with
Leq by the expression 2
,-n'2 ID~2
Er = (1-R) 4 f- Leq, (2)
where R is the factor of absorption of the ocular media (R _
0.3), n' the refractive index of the vitreous (n' = 1.336), D the
pupil diameter, and f' the focal length of the eye (f' 22
mm).
Vos et al. 7 combined the aberrations of the eye and the
veiling glare function to compute the light profiles of the foveal
image of a point source. In the present Communication, that
computation is made by introducing in a schematic eye model
a Gaussian diffuser placed at the pupil plane that would
produce the same scattering halo as the ocular media (see Fig.
1). In order to obtain the parameters defining this equivalent
diffuser, a reformulations of Beckmann's theory of scattering
of electromagnetic waves from rough surfaces9 is applied.
The parameters are computed by fitting the theoretical
scattering halo with the empirical veiling glare function.
THE EQUIVALENT DIFFUSER
The scattering properties of a Gaussian diffusing surface (or
Gaussian thin diffuser) are characterized by two parameters9 :
the standard deviation HO, and the correlation length (grain
radius) ro of the optical path difference (OPD). On the other
hand, expression (1) suggests that the best fit between theo-
retical and empirical functions will be obtained with a Lo-
rentzian theoretical halo. Thus it is assumed that the auto-
correlation function of the OPD is the exponential exp(-r/ro).
Also, the slightly rough diffuser approximation (k2U, 2 << 1)
is assumed, since the specular component is much greater than
the scattering halo in the retinal image. With these as-
sumptions, the mean intensity distribution (I(Q, 1)) at the
focus plane (retina) of a point source is given by the expres-
sion8' 9
(I( Q, )) = S2n'2 E exp(-k2 0a-2)X2f2 '2
Xj Fo(Q n)+ 2wro
2 k 2 off2
S
1
f'2
(3)
where F0(Q, I) is the specular component [the point-spread
function (PSF) without diffuser]; k the wave number; S the
pupil area; n' the refractive index; f' the focal length; X the
wavelength; and I, we spatial coordinates. As [(Q2 + n2 )/f'21/2
_ 0 (here 0 is given in radians) for small angles, there is a
considerable similarity between the empirical [Eq. (1)] and
theoretical [second term of Eq. (3)] scattering halos. It must
be noted that (I(, tq)) is the PSF in coherent illumination.
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To(u, v) + 5r~a'2 f/ exp -f- (u2 + v2)1/2I
To~u, v) + Iro
T(u, v) = 4
1+ S2
(4)
where u, v are spatial frequencies and To(u, v) is the MTF of
the optical system without diffuser.
The equivalent diffuser has been introduced in a schematic
eye model'0 to compute the resulting PSF and MTF. The
parameters of this schematic eye are listed in Table 2, and the
resulting polychromatic PSF's,10 with and without equivalent
diffuser (oa, = 0.05 ,um, ro = 32 ,im) for several pupil diame-
Er
Fig. 1. Schematic eye with the equivalent diffuser.
Among the different veiling glare functions reported in the
literature, those of Walraven 6 and Le Grand 2 have been cho-
sen to compute the equivalent diffuser, Walraven's experi-
mental veiling glare function being representative of the mean
eye and that of Le Grand corresponding to a young subject
(less than 30 years of age). Both veiling glare functions have
been adjusted to the second term of Eq. (3). The results are
summarized in Table 1, and the accuracy of the fit is shown
in Fig. 2. The young eye has a a4, half that of the mean eye
owing to the known fact that the intraocular scattering in-
creases with age.
SCHEMATIC EYE AND EQUIVALENT
DIFFUSER-INFLUENCE ON THE POINT-
SPREAD FUNCTION MODULATION-TRANSFER
FUNCTION
Once the intraocular scattering has been characterized by the
equivalent diffuser, which is defined by only two parameters
Oa, and ro, it can be incorporated easily in schematic eye
models (see Fig. 1). The monochromatic PSF of the sche-
matic eye plus the equivalent diffuser is directly computed
by expression (3), and the modulation-transfer function
(MTF) by Fourier transform of that expression. After nor-
malization, it becomes
id'I 
-6,2
Er
10
l-1
K,l
I0
lo-3.
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Fig. 2. Adjustment of the veiling glare functions of a) Walraven and
b) Le Grand. The figures represent both the empirical functions
(dashed lines) and the calculated scattering halos (continuous lines)
of the equivalent diffusers. Er is the retinal illuminance normalized
to the illuminance E at the pupil plane.
Table 1. Equivalent Diffuser Parameters, (PR and ro, Computed from the Veiling Glare Functions of Walraven and
Le Grand
Walraven Le Grand
(Mean Eye) (Young Eye)
Veiling glare Leq = 29E Er = E a-36 +0.l + 0.0002 . cos4 0
function ~~~~~~~~(9 + 0.13)2.8 03 91.5
Validity range 0.150 < 0 < 80 10 < 0 < 300
Roughness a, 0.05 gm 0.025 Am
Grain radius ro 32 gm 7 gm
a)
je 30 5* 70-
b)
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Table 2. Schematic Eye Parameters
Thickness Refractive
Radius (mm) Asphericity (mm) Index
Cornea 7.72 (anterior) -0.26 0.55 1.376
6.5 (posterior) 0
Aqueous 3.05 1.3374
Lens 10.2 (anterior) -3.1316 4 1.42
-6 (posterior) -1
Vitreous - 16.4 1.336
Refracting power = 60.4 diopters
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Fig. 3. PSF's of the schematic eye computed a) without and b) with the equivalent diffuser for several pupil diameters: 2 mm (0),3 mm (0),
4 mm (X), 5 mm ( A), 6 mm (cl), and 8 mm (A). p is the radial coordinate (in micrometers) and a' the semiaperture angle. Dashed curve cor-
responds to the aberration-free system.
ters, are compared in Fig. 3. The factor exp(-k 2 o4, 2) of ex-
pression (3) represents the fraction of light not scattered.
Thus for the mean wavelength of the visible spectrum and
normal incidence (2 = 580 nm), about 28% of the incident light
is scattered for a mean eye, and about 7% for a young eye.
However, the influence of the intraocular scattering on the
MTF is negligible since the factor 4-7r2a , 2 f'2 /S 2 is less than
10-4. That is reasonable because despite a considerable
fraction of the incident light being scattered, this light spreads
widely over the retina, and the intensity of the scattering halo
is 4 orders of magnitude smaller than the specular compo-
nent.
SUMMARY
In this Communication Beckmann's theory of scattering of
electromagnetic waves from rough surfaces is applied to in-
traocular scattering. It is shown that a thin Gaussian diffuser
placed at the pupil plane reproduces, with good approxima-
tion, the experimental scattering halo (veiling glare function)
produced by the optical media of the eye.
This equivalent diffuser can be introduced in schematic eye
models in a simple way; only two parameters are needed.
Thereby the schematic eye including the equivalent diffuser
reproduces the PSF, retinal light profiles, and MTF of the
mean eye.
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